Abstract. In this study, hepatitis B surface antigen (HBsAg) loaded poly(lactic-co-glycolic acid) (PLGA) microparticles were prepared and coated with chitosan and trimethyl chitosan (TMC) to evaluate the effect of coating material for nasal vaccine delivery. The developed formulations were characterized for size, zeta potential, entrapment efficiency, and mucin adsorption ability. Plain PLGA microparticles demonstrated negative zeta potential. However, coated microparticles showed higher positive zeta potential. Results indicated that TMC microparticles demonstrated substantially higher mucin adsorption when compared to chitosan-coated microparticles and plain PLGA microparticles. The coated and uncoated microparticles showed deposition in nasal-associated lymphoid tissue under fluorescence microscopy. The coated and uncoated microparticles were then administered intranasally to mice. Immune-adjuvant effect was determined on the basis of specific antibody titer observed in serum and secretions using enzyme-linked immunosorbent assay. It was observed that coated particles showed a markedly increased anti-HBsAg titer as compared to plain PLGA microparticles, but the results were more pronounced with the TMC-coated PLGA microparticles.
INTRODUCTION
Hepatitis B virus (HBV) infection is one of the most prevalent chronic viral infections worldwide, with approximately 60% of the world's population living in areas where HBV is highly endemic (1) . The hepatitis B virus may be transmitted through contact with infected blood or other body fluids (viz., semen, vaginal fluid, etc.). Chronic HBV infection leads to the development of cirrhosis and/or liver cancer in approximately 20% of infected individuals, and immunization with hepatitis B vaccine is the most effective prevention measure. The currently available hepatitis B vaccine comprises of recombinant hepatitis B surface antigen (HBsAg) adsorbed to aluminum-based adjuvant (aluminum hydroxide or aluminum phosphate) and is recommended to be administered through intramuscular route, but it does not induce mucosal antibodies efficiently (2) .
Mucosal immunization via nasal route is an attractive alternative to parenteral immunization as it does not require needles, avoiding the pain and discomfort associated with the parenteral administration (3) . Moreover, mucosal immunization accompanies the induction of both mucosal and systemic immune responses (4, 5) . Biodegradable polymeric particles such as microparticles (6, 7) and nanoparticles (8, 9) have emerged as promising candidates due to their inherent immune-adjuvant property and ability to provide prolonged release characteristics. These particulate carriers in association with antigen induce strong immune response as compared to soluble antigen (6) (7) (8) (9) . Several studies have shown microparticles to offer many advantages over other nasal dosage forms (8, 10) . It has been shown that these particles are taken up by nasal epithelia and nasal-associated lymphoid tissue (NALT) (11, 12) .
Poly(lactic-co-glycolic acid) (PLGA), a biocompatible and biodegradable polymer with sustained release property, is extensively used for the therapeutic delivery of proteins and peptides including vaccines. PLGA has however limited use in mucosal vaccination due to its poor mucoadhesiveness and immunoenhancing ability. The half time of clearance of nonmucoadhesive formulations from the human nasal cavity is only about 20 min (13) . Such a rapid clearance time may not allow sufficient retention for antigen to be taken up by antigen-presenting cells in the NALT.
Incorporation of mucoadhesive polymers such as chitosan to the delivery system can overcome such limitations and increases absorption of protein and peptides across the mucosal barrier (14, 15) by prolonging their residence time in the nasal cavity (16, 17) . In case of vaccine delivery, such polymers enhance uptake by microfold (M)-cells, allowing antigens to be taken up specifically by antigen-presenting cells (18) (19) (20) . Several studies have employed chitosan as coating material for its penetration-enhancing properties (21, 22) . It has been postulated that positive charge of chitosan, imparted by amine groups, interact with apical cell membrane by the mechanism of direct electrostatic interaction and leads to transient opening of tight junctions, subsequently increasing particle permeability (14, 23) .
However, at physiological pH, native chitosan and its salts fail to act as permeability enhancer, due to reduced solubility and low positive charge (24) . Therefore, there is a need for chitosan derivatives with increased solubility and high positive charge at neutral or basic pH, such as quaternized derivatives of chitosan with polyampholytic properties. These derivatives, e.g., trimethyl chitosan (TMC) can increase the solubility without affecting their cationic character (23, (25) (26) (27) . Because of these properties, TMC may be an attractive alternative to chitosan for the design of mucosal delivery purposes. To date, several studies have used chitosan as coating material, but the use of TMC as a coating material has been overlooked.
In a previous study, we have shown that coating of chitosan over PLGA microparticles can significantly enhance the immune response as compared to PLGA microparticles (21) . The specific intent of the present study was to compare the efficacy of chitosan-and TMC-coated PLGA microparticles for nasal immunization. Thus, PLGA microparticles were prepared and coated with chitosan and TMC. The antigen-loaded coated and uncoated microparticles were administered intranasally to mice, and the immune response was determined using enzymelinked immunosorbent assay (ELISA).
MATERIALS AND METHODS

Materials
PLGA with a lactide to glycolide ratio of 50:50 (MW 40-75 kDa) was kindly gifted by the National Institute of Immunology (New Delhi, India). Chitosan was purchased from Fluka with the deacetylation value 80% (according to provider's specifications). Recombinant HBsAg (MW 24 kDa) was kindly gifted by Serum Institute of India Ltd. (Pune, India). BCA protein estimation kit and protein molecular weight markers were purchased from Genei, Bangalore, India. AUSAB® monoclonal antibody kit was procured from Abbott Laboratories, USA. All other chemicals and reagents were of analytical grade. TMC was synthesized by the method previously reported by Sieval et al. with minor modifications (28) .
Preparation of Surface-modified PLGA Microparticles
Surface-modified PLGA microparticles were prepared by a modified double emulsion solvent evaporation process (21) . Briefly, a primary emulsion (water-in-oil) was formulated by emulsifying HBsAg aqueous phase containing 1.5% (w/v) trehalose and 2% (w/v) Mg(OH) 2 with 4% (w/v) PLGA in methylene chloride using a probe sonicator (Soniweld, India) for 1 min. The coating polymers were dissolved in different concentrations (0.1%, 0.25%, 0.5%, and 0.75%, w/v) in 1% polyvinyl alcohol (PVA) solution. Chitosan was dissolved in acetate buffer (pH 4.4), whereas TMC was dissolved in distilled water. The secondary emulsion (water-in-oil-in-water) was obtained by adding the primary emulsion dropwise to the PVA solution containing different concentrations of coating polymers, followed by probe sonication for 3 min. The resultant emulsion was stirred vigorously for 3 h to evaporate the organic phase and to obtain the microparticles, which were collected by centrifugation at 22,000 g and washed twice with distilled water to remove PVA. The microparticles were then subjected to lyophilization. Uncoated PLGA microparticles were also prepared with 1% PVA solution.
Characterization
Surface Morphology by Scanning Electron Microscopy
The morphology and surface appearance of the particles were examined by scanning electron microscopy (SEM). One drop of the particles suspension was placed on a gold-coated plate and maintained at least 12 h at room temperature in desiccators for complete dryness of the sample. The stub was then coated with gold using sputter coater. The sample was randomly scanned using SEM (LEO-435 VP, Cambridge, UK), and photomicrographs were taken.
Particle Size and Zeta Potential
Malvern zetasizer Nano ZS 90 (Malvern apparatus, UK) was used to evaluate the mean diameter and size distribution profiles of the microparticles by dynamic light scattering. The same instrument was used to determine the zeta potential of the formulations, based on electrophoretic mobility of the microparticles in diluted aqueous suspensions. For the determination of zeta potential, microparticles were suspended in 1 mM HEPES buffer (Sigma, USA), and the pH was adjusted to 7.4.
Protein Loading Efficiency
The loading efficiency of the antigen in microparticles was determined by dissolving 20 mg the microparticles in 2 ml of 5% (w/v) sodium dodecyl sulfate (SDS) in 0.1 M sodium hydroxide solution. The amount of the antigen was determined by the bicinchoninic acid assay using the BCA protein estimation kit (KT-31).
Assessment of Structural Integrity of HBsAg
The structural integrity of HBsAg extracted from the microparticles was detected by SDS polyacrylamide gel electrophoresis (PAGE) and compared with the native HBsAg and reference markers. HBsAg was extracted by dissolving the microparticles in 2 ml of 5% (w/v) SDS in 0.1 M sodium hydroxide solution (29) . The extracted antigen was concentrated and loaded onto 3.5% stacking gel and subjected to electrophoresis on a 12% separation gel at 200 V (Bio-Rad, USA) until the dye band reached the gel bottom. After migration, the gel was stained with Coomassie blue to reveal the antigen, which was then destained and dried.
Adsorption of Mucin on Microparticles
Adsorption of mucin on the plain and coated PLGA microparticles was studied by following the procedure previously used in our laboratory (30) . Briefly, equal volumes of microparticles (2 mg/ml) and an aqueous solution of mucin (0.5 mg/ml) were mixed, vortexed, and shaken at room temperature for 60 min. The suspension was then centrifuged, and the supernatant was used to determine the free mucin content. A colorimetric assay for glycoproteins based on the periodic acid/Schiff staining was used for the determination of mucin concentration. The mucin adsorbed on the surface of the microparticles was calculated from the total and free mucin.
In Vitro Release of HBsAg
An amount of 40 mg of microparticles was suspended in 5 ml of phosphate buffered saline (PBS; pH 7.4) and kept on a shaking water bath for incubation at 37°C. Tween-80 (0.02%, w/v) was added to the release media to reduce the adsorption of the released protein on to the microparticles and to prevent the particles from clumping. At appropriate time intervals, 1.0 ml of release medium was collected and centrifuged at 22,000 g for 30 min, and 1.0 ml of fresh PBS (pH 7.4) was again added to maintain the sink conditions.
Fluorescence Microscopy
Fluorescence microscopy was performed to confirm deposition of microparticles in NALT. Fluorescent isothiocyanate-conjugated bovine serum albumin (FITC-BSA) was used as a fluorescence marker and was loaded into microparticles. FITC-BSA microparticles were prepared according to the optimized double emulsion solvent evaporation method, described elsewhere in the text, using a 0.05% FITC-BSA solution in PBS as internal aqueous phase. FITC-BSA-loaded formulation was administered to mice through the nostrils, and the mice were sacrificed after 30 min. The nasal cavity containing nasal mucosa was cut into pieces, and microtomy was performed. Sections of around 5 μm thickness were examined under fluorescence microscope (Nikon Eclipse, E-600). Control animals were administered intranasally with the equivalent amount of free FITC-BSA solution (5 mg in 500 μl PBS, pH 7.4), and microtomy was performed.
In Vivo Immunological Response
Female BALB/c mice of 7-9 weeks of age were used in all experiments as mice NALT is comparable to the Waldeyer's rings in humans (31) . Animals were housed in groups of six (n=6) with free access to food and water, and were fasted for 3 h before immunization. The study protocol was approved by Institutional Animals Ethical Committee of Dr. Hari Singh Gour University. The studies were carried out according to the guidelines of Council for the Purpose of Control and Supervision of Experiments on Animals, Ministry of Environment and Forestry, Government of India. There were five groups of mice in this study, three of which received a single immunization regimen of HBsAg loaded plain PLGA, chitosan, and TMC-coated PLGA microparticles. The remaining two groups were immunized with alum adsorbed HBsAg (intramuscular) and soluble HBsAg (intranasal) and received a booster dose on day 28.
A dose of the formulations equivalent to 10 µg antigen was inoculated intranasally in small drops (10 µl). Nasal dosing was performed by inserting a small piece of sterile polyethylene tubing, attached to a Hamilton syringe, 0.2 cm into the nostril. A volume of 10 µl microparticles formulation/ nostril was injected into the nasal cavity of each nonanesthetized animal held in a supine position. A new drop was given only when the former had been entirely inspired.
Sample Collection
Blood was collected by retro-orbital puncture under mild ether anesthesia after 2, 4, 6, and 8 weeks of booster injections, and sera were stored at −40°C until tested by ELISA for anti-HBsAg antibody. Nasal, vaginal, and salivary secretions were collected on day 42 of primary immunization. Vaginal wash was obtained according to the method reported by Debin et al. (32) . Briefly, 50 µl of PBS containing 1% (w/v) BSA (1% BSA-PBS) was introduced into the vaginal tract of non-anesthetized mice using a Gilson pipette. Aliquots of 50 µl were withdrawn and reintroduced nine times. The nasal wash was collected by cannulation of the trachea of sacrificed mice. The nasal cavity was then flushed three times with 0.5 ml of 1% BSA/PBS (pH 7.4). Salivation was induced by injecting 0.2 ml sterile pilocarpine solution (10 mg/ml) intraperitoneally (33) . The saliva from mice after 20 min was collected using capillary tube. These fluids were stored with 100 mM phenylmethyl sulfonyl fluoride as a protease inhibitor at −40°C until tested by ELISA for secretory antibody (sIgA) levels.
Specific IgG and IgA Titer
Anti-HBsAg antibodies in blood samples were determined by an enzyme-linked immunoassay. Briefly, microtiter plates (Nunc-Immuno Plate® Fb 96 Mexisorp, NUNC) were coated with 100 μl/well of 2 μg/ml HBsAg in carbonate buffer (pH 9.6) and incubated overnight at 4°C. The plates were washed three times with PBS-Tween 20 (0.05%, v/v) (PBS-T) and blocked with PBS-BSA (3% w/v) for 2 h at 37°C, followed by washing with PBS-T. The serum/secretion samples were serially diluted with PBS. One hundred microliters of these serially diluted serum and secretion samples were added to the wells of coated ELISA plates. The plates were incubated for 1 h at room temperature and washed three times with PBS-T. One hundred microliters of horse reddish peroxidase labeled goat anti-mouse IgG and IgA (1:1,000 dilution, Sigma, USA) antibodies were added to well for the determination of IgG and IgA titer, respectively. The plates were kept for 1 h at room temperature and then washing was repeated. One hundred microliters of tetramethyl benzidine (TMB-H 2 O 2 ) solution was added to each well. Color development was stopped after 30 min by adding 50 μl of 1 N H 2 SO 4 to each well, and absorbance was taken at 490 nm using a plate reader (Bio-Rad, USA). The end-point titers were expressed as the log reciprocal of the last dilution, which gave the absorbance value above the absorbance of negative control at a wavelength of 490 nm.
Statistical Analysis
All data were expressed as mean±standard deviation. Comparisons among three or more groups were performed by analysis of variance followed by post hoc Tukey-Kramer test. For comparison between two groups, Student's t test was applied. A p value less than 0.05 was considered statistically significant.
RESULTS
Formulation and Characterization
In order to achieve complete coating, various concentration of chitosan and TMC were used, and zeta potential was determined (Fig. 1) . It was observed that unmodified PLGA microparticles indicated negative zeta potential (−14.4±1.2). However, chitosan and TMC-coated microparticles (PLGA-C and PLGA-TMC, respectively) demonstrated positive zeta potential. The charge of the coated particles increased with the concentration of the coating polymer, reaching a plateau at 0.25% w/v of chitosan and TMC, possibly indicating the complete coating over the microparticles. This concentration of the polymer is designated as optimum, and microparticles formulated using 0.25% of chitosan and TMC were used for further studies. PLGA-TMC microparticles demonstrated a sharper increase in zeta potential as a function of polymer concentration when compared to PLGA-C microparticles.
The external morphology of the microparticles was studied by SEM. The study revealed that most of the microparticles were approximately spherical in shape having a smooth surface. The particle characteristics of plain PLGA, PLGA-C, and PLGA-TMC microparticles were shown in Table I . The antigen loading efficiency was comparable in both coated and uncoated PLGA microparticles (Table I) .
In Vitro Release
In vitro release of HBsAg from the uncoated PLGA, PLGA-C, and PLGA-TMC microparticles was determined in PBS, pH 7.4 (Fig. 2) . Both coated and uncoated microparticles exhibited an initial burst release followed by a sustained release of HBsAg. The initial burst release observed may be attributed to the release of antigen loosely attached to the surface of the particles. However, the sustained release observed may be attributed to the diffusion of HBsAg from microparticles and gradual erosion of the polymers. It was observed that antigen released from the microparticles was approximately 70% on day 42 in both coated and uncoated microparticles. This result indicated that PLGA microparticles can offer prolonged delivery of the antigen for development of single shot vaccine.
Confirmation of the Structural Integrity of the Antigen
The encapsulation of protein and peptides in PLGA microparticles involve the use of organic solvents and harsh shearing conditions, which may cause the alteration in the native form of such susceptible moieties. In addition, release of lactic acid and glycolic acid may causes aggregation of protein and antigen. We used trehalose as stabilizer and Mg(OH) 2 as acid neutralizing agent to impart the stability to the antigen. In-process stability and integrity of the entrapped antigen was assessed using SDS-PAGE (data not shown). The SDS-PAGE analysis revealed that the native antigen and antigen released from the formulation demonstrated the bands at identical positions. This confirmed that no aggregation and fragmentation of the antigen occur during the process of antigen encapsulation and release.
Adsorption of Mucin on Microparticles
Coated and uncoated PLGA microparticles were evaluated for their mucin adhesion ability as a measure of their mucoadhesiveness. Mucin adsorption (milligram/milligram) of particles were 0.012±0.003, 0.141±0.009, and 0.264±0.020 for PLGA, PLGA-C, and PLGA-TMC microparticles, respectively. These results indicated that PLGA microparticles demonstrated negligible mucin retention, while PLGA-C and PLGA-TMC microparticles demonstrated better mucin Values are expressed as mean±SD % EE percentage entrapment efficiency, PDI polydispersity index retention ability as compared to uncoated PLGA microparticles (p<0.05). It was observed that TMC-coated microparticles demonstrated substantially high mucin adsorption as compared to chitosan-coated PLGA microparticles (p<0.05).
Fluorescence Microscopy
It has been reported that microparticles are selectively taken up by M cells (34) (35) (36) . These M cells are mainly responsible for antigen delivery to the NALT for induction of specific systemic and mucosal immune response (37) (38) (39) . The uptake of coated and uncoated microparticles into the NALT was investigated using FITC-BSA as a fluorescent marker (Fig. 3) . Fluorescence microscopy confirmed that FITC-BSA solution (PBS, pH7.4) could not produce any fluorescence under fluorescent microscope. However, fluorescent microscopy image of mice treated nasally with dye loaded microparticles demonstrated uptake of microparticles in nasal mucosa.
Immunological Response
The specific antibody titer (anti-HBsAg) in serum and secretions is shown in Figs. 4 and 5, respectively. Our results indicated that all mice immunized intranasally with microparticles-loaded HBsAg were seropositive after 2 weeks. It was observed that intramuscular injection of alum adsorbed HBsAg induces high anti-HBsAg antibody titer as compared to both coated and uncoated PLGA microparticles following second week of immunization, and the coated microparticles could induce strong antibody titer as compared to uncoated PLGA microparticles. Results also indicated that PLGA-TMC microparticles could induce a substantially higher IgG titer as compared to PLGA-C microparticles (p < 0.05) throughout the study. A major advantage of intranasal vaccination is the potential induction of sIgA antibodies at the mucosal epithelium. sIgA not only has an important role as the first defense line against viruses at the portal of virus entry in the mucosal tract but also has been proven to elicit Fig. 4 . Anti-hepatitis B surface antigen IgG titer in serum after the indicated treatments. Asterisk over bars indicated degree of significance as compare to poly(lactic-co-glycolic acid) microparticles (unless indicated), where *p<0.05, **p<0.01, ***p<0.001; ns not significant Fig. 5 . Anti-hepatitis B surface antigen sIgA titer in nasal, salivary, and vaginal secretions after the indicated treatments. Asterisk over bars indicated degree of significance as compare to poly(lactic-coglycolic acid) microparticles (unless indicated), where *p<0.05, **p<0.01, ***p<0.001; ns not significant cross protective immunity more effectively than serum IgG (39) . Specific sIgA was determined in local (nasal) and distal (vaginal and salivary) secretions (Fig. 5) . Results indicated that nasal immunization with microparticles-based HBsAg could induce substantially high antibody titer in local and distal secretions as compared to soluble or alum adsorbed HBsAg. Amongst these microparticles, PLGA-TMC microparticles were found to be most impressive as they showed substantially higher antibody titer (p<0.001) in all secretions as compared to PLGA microparticles, whereas PLGA-C showed significantly higher sIgA titer only in salivary (p< 0.001) secretions as compare to PLGA microparticles.
DISCUSSION
In this study, we explored the mucoadhesive property of chitosan and TMC and sustained release property of PLGA to develop effective vaccine against hepatitis B. The uptake of microparticles by nasal epithelial and NALT cells depends in particular on their size and charge (40, 41) . It was observed that PLGA microparticles demonstrated negative zeta potential, which was found to be inverted following coating with chitosan and TMC. The zeta potential of TMC-coated PLGA microparticles was substantially higher as compared to chitosancoated PLGA microparticles. Interestingly, despite its negative charge, PLGA microparticles showed deposition in NALT under fluorescent microscopy. This may be attributed to the size-dependent uptake of microparticles in NALT as it has been a widely documented fact that microparticles are taken up by both M cells and epithelial cells (40, (42) (43) (44) . It was also observed that plain PLGA microparticles showed minimal mucin adhesion. Therefore, it can be postulated that although the PLGA microparticles can be taken up by NALT, the residence time of microparticles in the nasal cavity is low due to lack of mucoadhesiveness. In view of the fact that chitosan demonstrated low positively charged at physiological pH, such as in the mucus, we can suggest that the better immune-adjuvant effect of TMC over chitosan may be attributed to the high positive charge of the TMC-coated particles. It has been reported that mucin is a negatively charged molecule, and the particles with high charge density shows better interaction with mucus glycoproteins and consequently result into the better mucoadhesiveness (45) . Hence, TMC could substantially reduce the rate of clearance of PLGA microparticles from the nasal cavity and increase their residence time, thereby promoting its entry into epithelial cells.
The in vivo data obtained indicated that the PLGA microparticles induce low antibody titer as compared to chitosan and TMC-coated microparticles in serum and secretions. It can be suggested that coating of PLGA microparticles with mucoadhesive polymers such as chitosan and TMC enhances their residence time in the nasal cavity. Therefore, coated particles are expected to remain homogeneously dispersed in the mucus and in good contact with nasal mucosa. This could likely be one possible explanation why the chitosan and TMCcoated PLGA microparticles have shown higher antibody titer following IN administration as compared with plain PLGA microparticles. It has been suggested that due to better solubility and penetration-enhancing ability at physiological pH, TMC can act as a good carrier for mucosal drug delivery. It was also found that the PLGA-TMC microparticles demonstrated much stronger immune-adjuvant property as compared to PLGA-C microparticles (p<0.05 throughout the study). The reasons for these observations are likely due to higher charge density observed in case of TMC-coated PLGA microparticles. In addition, it is known that chitosan is insoluble and precipitates at physiological pH, while TMC is soluble and demonstrate the absorption enhancing ability at wide variety of pH.
CONCLUSION
Our results provide evidence that the immunogenicity after intranasal immunization of HBsAg could be substantially improved by loading the antigen into chitosan and TMC-coated PLGA microparticles. Our study clearly indicated that TMC is a promising coating material for PLGA microparticles and demonstrate strong immuno-adjuvant activity as compared to chitosan for nasal immunization. More specifically, PLGA microparticles coated with positively charged, hydrophilic polymer such as TMC have shown an improved ability to deliver vaccines across the nasal mucosa for induction of strong immune response in systemic and mucosal compartments. Finally, we speculate that TMCcoated microparticles represent a new generation intranasal vaccine delivery system. However, further in vitro and in vivo toxicity studies should be performed to check the safety of the developed formulations.
